Large magneto-thermal effect and the spin-phonon coupling in a parent insulating 

cuprate Pr x 3 La 7CUO4 
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The magnetic-field (H) dependence of the thermal conductivity re of Pri.3Lao.7Cu04 is found to 
show a pronounced minimum for in-plane fields at low temperature, which is best attributed to the 
scattering of phonons by free spins that are seen by a Schottky-type specific heat and a Curie- Weiss 
susceptibility. Besides pointing to a strong spin-phonon coupling in cuprates, the present result 
demonstrates that the //-dependence of the phonon heat transport should not be naively neglected 
when discussing the re(iZ) behavior of cuprates, since the Schottky anomaly is ubiquitously found 
in cuprates at any doping. 



PACS numbers: 72.15.Eb, 74.72.-h, 66.70.+f 



I. INTRODUCTION 



To elucidate the nature of the superconducting ground 
state, the quasiparticle (QP) transport properties are 
widely studied in high-T c cuprates at low tempera- 
ture (T), and the discussions are often based on the 
magnetic-field (H) dependence of the thermal conduc- 
tivity K( Ii2iMi5i£il The most striking findings include a 
"plateau" in the k(H) isotherm at low temperatureji* 2 ^ 
an increase in the QP population due to the supercur- 
rents around vortices^ and the magnetic-field-induced 
QP localization in underdoped cuprates^Sii A common 
assumption in these previous works is that the phononic 
thermal conductivity k p is independent of H and all the 
//-dependence of re is of electronic origin. This assump- 
tion may seem reasonable, because the vortex scattering 
of phonons (which is important in conventional super- 
conductors) somehow becomes insignificant at low tem- 
perature in cuprates^ However, phonons could interact 
also with magnetic excitations and be scattered, which 
would introduce some //-dependence in k p . Therefore, 
it is important to elucidate how the low-T phonon heat 
transport is affected by magnetic excitations in cuprates, 
particularly in the superconducting doping regime. Re- 
member, even though antiferromagnetic (AF) magnon 
excitations are likely to be irrelevant in the supercon- 
ducting regime, Schottky anomalies in the specific heat, 
which are usually attributed to excitations of local- 
ized free spins, are commonly found in superconducting 
cuprates, 9 : 10 ! 11 ! 12 ! 13 : 14 ! 15 

To gain insight into the possible //-dependence of re p , 
it is useful to study parent insulating cuprates, where it is 
expected that the electronic contribution is absent and k p 
can be unambiguously studied; however, it has been dis- 
cussed that in AF insulating materials the magnon exci- 
tations can also act as heat carriers or scatterersji&iLi^ii 9 " 
which brings complications to the analysis of the k(H) 
data of insulating samples. In particular, Jin et al£H re- 
cently reported a large magnetic-field-induccd enhance- 
ment of re in Nd2CuC>4 (NCO), a parent insulating 
cuprate in the tetragonal T'-phase, and they proposed 



that the increase in re gives evidence for the magnon 
heat transport becoming active due to the closing of a 
magnon gap in the magnetic field. Note that in NCO the 
magnons for the Cu spins should not contribute to car- 
rying heat because of a large (~5 meV) gap, and thus it 
must be the Nd magnons that is relevantjSi the existence 
of the Nd-magnon contribution to the heat transport has 
been backed up by a more recent study by Li et al. 21 
Considering these findings, to unambiguously investigate 
the H dependence of re p , we turn to the Pri.3Lao.7Cu04 
(PLCO) system where there is essentially no magnetic 
contribution from the rare-earth ions. Although it was 
found that a small magnetic moment is induced in Pr 3+ 
ions (whose ground state is singlet and would be effec- 
tively nonmagnetic) in Pri.3Lao.7Cu04 as much as 
35% of the Pr 3+ sites are diluted by nonmagnetic La 3+ 
ions and thus the Pr magnons, even if exist, should be 
strongly damped and give negligible contribution to the 
heat transport. Also, the single crystals of PLCO were 
found to show very clean phonon heat transport (e.g., 
K p of PLCO is up to 5 times larger at 20 K compared 
to La2Cu04^ 4 i) so that exotic scattering mechanisms of 
phonons are expected to be rather easily seen in PLCO 
without being masked by scatterings by disorder. 

In this paper, we report detailed thermal conductivity, 
specific heat, and magnetic susceptibility measurements 
of high-quality Pri.3Lao.7Cu04 (PLCO) single crystals. 
At low temperature, the k(H) curve shows a striking dip 
feature, which is different from previous data on similar 
T'-phase compounds, Pr 2 Cu0 4 (PCO) and NC032 5 . 
Our new result on k(H) indicates that excitations of 
free spins, evidenced by the specific heat and the mag- 
netic susceptibility data, are responsible for the pecu- 
liar H dependence of the phonon heat transport. Since 
the Schottky-type specific heat that is indicative of the 
existence of free spins is found almost ubiquitously in 
high-T c cuprates; 9 ! 10 ! 11 ! 12 ! 13 ! 14 ! 15 the present result sug- 
gests that the phonon heat transport can be H dependent 
at low temperature in a wide range of cuprate samples 
and one should be careful upon discussing the QP prop- 
erties based on k(H) behavior. Physically, the present re- 
sult points to a strong spin-phonon coupling in cuprates, 
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which might bear intriguing implications on the mecha- 
nism of high-T c superconductivity. 



II. EXPERIMENTS 

High-quality Pr1.3Lao.7Cu.O4 single crystals are grown 
by the traveling-solvent floating-zone technique in flowing 
oxygen^ The partial substitution of La for Pr not only 
stabilizes the crystal growtb2i2& but also disturbs the 
possible Pr magnons and makes them irrelevant as heat 
carriers, which is useful for the purpose of this work. 
For the heat transport measurements, the crystals are 
cut into rectangular platelets with a typical size of 2.5 x 
0.5 x 0.1 mm 3 (where the edges are made to be parallel 
to the crystallographic axes within 1°) and annealed in 
flowing Ar to remove excess oxygen^i 

The a- and c-axis thermal conductivities (k and 
k c ) are measured by a steady-state technique in a 3 He 
refrigerator £ Two Ru02 chip sensors are used for the 
"top" and "bottom" thermometers on the sample. For 
the magnetic-field dependent k(H) measurements, the 
base temperature of heat sink is precisely controlled by 
an ac resistance bridge (Linear Research LR-700) within 
0.01% accuracy with another RuC>2 thermometer or a 
Cernox thermometer (for above 10 K), and the magnetic- 
field-dependence of the thermometers were carefully cali- 
brated beforehand using a SrTiC>3 capacitance sensor and 
a high-resolution capacitance bridge (Andeen Hagerling 
2500A) , which allow to keep the temperature unchanged 
with a very high precision (± 0.1 mK at 0.3 K and ± 1 
mK above 1 K) during the magnetic field sweeps. The 
relative uncertainty of the n(H) measurement was con- 
firmed to be typically less than 1%. Specific heat and 
magnetic susceptibility measurements are carried out us- 
ing a Physical Properties Measurement System and a 
SQUID magnetometer (Quantum Design), respectively. 



III. RESULTS AND DISCUSSIONS 
A. Thermal conductivity 

Figure 1 shows the temperature dependences of n a and 
k c of PLCO in zero field down to 0.30 K, where the data 
above 4 K are a reproduction from Ref. |24|. As already 
discussed, one can assume that both n a and n c show 
purely phononic thermal conductivity in this insulating 
compound, and the large magnitude of the phonon peak 
evidences a high quality of our PLCO crystalsi^i The 
inset of Fig. 1 shows that the boundary-scattering regime 
of phonons (where n p ~ T 3 ) is achieved below ~ 0.35 K. 

Figure 2 shows our main result, the peculiar magnetic- 
field dependences of k at temperatures from 0.36 to 
18 K, for several different configurations of heat cur- 
rent and magnetic field. Notably, a pronounced dip in 
the k(H)/k(Q) curves is observed for in-plane fields at 
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FIG. 1: Temperature dependences of n a and n c of PLCO 
single crystals in zero field. Inset: k vs T 3 plot of the low T 
data below 0.43 K. Thin solid lines show the T 3 dependence 
expected in the boundary-scattering regime. 
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FIG. 2: (a)-(e) Magnetic field dependences of k in PLCO 
single crystals for various configurations of the heat current 
Jh and the magnetic field, (f) Comparison of i^dip (where 
the k(H) curve shows a minimum) for Jh \\ a, H || [110] to 
the spin-reorientation field H SI for the same field direction 
(Plakhty et al, Ref. HJ. 
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low tempratures. At first sight, this may seem a typi- 
cal k(H) behavior in a spin- flop system where magnons 
act as phonon scattererst^i The zero-field k is purely 
phononic, because there are no low-energy magnons due 
to the anisotropy gap in the magnon dispersion; when the 
magnetic field is applied, the Zeeman energy causes the 
magnon excitations to become gapless at the spin-flop 
transition field H s {, but the gap opens again at higher 
field; consequently, the magnon scattering of phonons is 
the strongest at H s { where the magnons are the most 
populated, and causes a dip in the k{H) curved 



In the T'-phase compounds of NCO, PCO, and PLCO, 
the magnetic structures are essentially identical and 
spin-flop (or spin-reorientation) transition of the long- 
range-ordered Cu spins has been studied by the neu- 
tron scatteringi 22 i 23 i 28 i 29 i 30 i 31 i 32 i 33 The Cu spins form a 
noncollinear structure with the spin easy axes of [100] 
and [010] in zero-field; depending on the magnetic-field 
direction, a first-order transition (for H || [100]) or a 
continuous spin-reorientation transition (for H || [110]) 
is induced, and in both cases the high-field state has 
a collinear spin structure. If one tries to interpret our 
k(H) data in terms of this well-studied spin reorienta- 
tion, several problems become apparent: Most notably, 
the characteristic field for the spin reorientation, H ST , is 
known to decrease upon heating, while the "dip" field, 
i/dip, where the k(H) curve shows a minimum, increases 
upon heating. We show quantitative comparison between 
H SI and TJdip for H || [110] in Fig. 2(f), where it becomes 
clear that -ffdip is not likely to be related to the spin re- 
orientation. Also, iJdip is observed to be very close for 
H || [100] and H || [110], while H SI is much larger for 
H || [100] than for H || [IIP], 23 ! 30 . 33 Furthermore, the in- 
dependence of k c is very similar to that of K a , which is 
difficult to understand in the spin-flop scenario because 
the c-axis phonons can hardly couple with the magnons 
of the two-dimensional spin system. Therefore, the pe- 
culiar k(H) behavior in PLCO is clearly not due to the 
magnon scattering of phonons associated with the spin 
reorientation. 
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FIG. 3: (a) Temperature dependences of the specific heat of 
a PLCO single crystal in various magnetic fields along [110]. 
(b) Schottky anomaly for H || [110], obtained by subtracting 
the phonon contribution from the raw data in panel (a), (c) 
Schottky anomaly at 4 T for different orientations of H, to- 
gether with the theoretical curves expected for the Schottky 
anomaly from 1% of s = 1/2 moments with the anisotropic 
Lande factor g = 2 (for [100] and [110]) and g = 1.25 (for 
[001]). (d) Magnetic field dependences of the peak tempera- 
ture in the Schottky anomaly for the three directions. 



B. Specific heat 



To investigate the actual scatterers of phonons and the 
origin of the peculiar k(H) behavior, the specific heat of 
PLCO is measured at low temperature using a large sin- 
gle crystal (~ 34 mg, Ar-annealed) from the same batch. 
As shown in Fig. 3, there is a pronounced ii-dependent 
enhancement, whose temperature and field dependences 
are fully consistent with the two-level Schottky anomaly 
due to free s — 1/2 momen ta?! 1 ^ 



It is known from previous neutron experiments^* 2 ^ 
that the exchange field of the ordered Cu spins induces 
a small (~ 0.1 /is) ordered moment on Pr 3+ ions. One 
may expect that the Pr magnons should contribute to 
the k(H) behavior. Since the weak Pr moments are in- 
duced by the interaction between Cu and Pr ions, the Pr 
magnons, if exist and play a role (as either heat carriers 
or scatterers) in determining the n{H) behavior, should 
affect k(H ) in a way that corresponds to the spin reorien- 
tation transition. Therefore, the lack of correspondence 
between Hdi P and H sr means that not only Cu magnons 
but also Pr magnons are irrelevant to the observed n(H) 
behavior, which is likely due to the considerable dilution 
of the Pr sites by nonmagnetic La 3+ ions. 



C S chottky(T, H) = n(-j-=-) H/kBT)2 , (1) 



where g is the Lande factor. The concentration of free 
spins is n/R, where R is the universal gas constant. In 
our data, the peak position of the Schottky anomaly, 
Tp ea k, increases linearly with H [see Fig. 3(d)], which 
precisely follows Eq. and allows us to determine the 
g factor. Moreover, fitting of the data to Eq. Q [see 
Fig. 3(c)] gives the concentration of the free spins to be 
~ 1%, which is too large to be associated with impurities 
and suggests the existence of some intrinsic mechanism 
to produce free moments. 
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FIG. 4: (a) Temperature dependences of susceptibility \ a 
and Xc of a PLCO crystal in oxygenated (as-grown) and 
reduced (Ar-annealed) states. Panels (b) and (c) magnify 
the low-T part; solid lines show fittings with the formula 
X(T) = xo + C/(T — 8), where the first and second terms are 
T-independent background and additional Curie- Weiss con- 
tribution, respectively; the C parameter for the reduced sam- 
ple is consistent with ~ 1% of s = 1/2 free spins with g = 2 
(g = 1.25) for H || a (|| c). 



C. Magnetic susceptibility 

Another evidence for the existence of free moments in 
PLCO is the magnetic susceptibility (x) data. Figure 4 
shows the temperature dependences of x f° r H \\ a and 
H || c (xa and Xc) in 0.5 T field. Our data are essentially 
consistent with those for PCO single crystals, 34 including 
the low-T upturn that is observed in both \a and \c- As 
theoretically discussed by Aharony's group, 35 the mag- 
netic susceptibility of R2CUO4 (R = Nd, Pr, or Sm) is 
governed by the magnetic states of rare-earth ions. The 
ground multiplet of Pr 3+ ion is 3 Hi in the tetragonal 
crystalline electric field (CEF), so that Pr 3+ ions have a 
singlet ground state with a well separated (~ 18 meV) 
first-excited stated Therefore, the low-T susceptibility is 
predicted to be T-independent r 5 . and the observed low-T 
upturn, which is well described by the Curie- Weiss law, 
must come from some free moments not considered in the 
mean-field theory. Note that the sensitivity of the low-T 
upturn in x to the oxygen treatment, shown in Fig. 4, 
suggests that the free moments do not originate from im- 
purity ions, but are produced by some mechanism inher- 
ent to PLCO. Candidates for such a mechanism include 
an appearance of Pr 4+ ions in some particular crystal en- 
vironment or some "free" Cu 2+ spins possibly produced 
in the AF domain boundariesi 3 ^ 3 ^ Incidentally, the anal- 
yses of the Schottky anomaly and the Curie- Weiss contri- 
bution are consistent with the same anisotropic g factor, 
which gives confidence that the two phenomena are of 
the same origin. 



D. Phonon scattering by paramagnetic moments 

Whatever the origin of the free moments, they are 
clearly correlated with the independence of k for in- 
plane fields. Although there has been no report in the 
cuprate context, it has been known that phonons can be 
scattered by free paramagnetic moments that form a two- 
level system^ where the energy levels of the two states 
split in magnetic fields by AT due to the Zeeman en- 
ergy. In this situation, phonons are typically scattered in 
the following way: A phonon with energy AT excites the 
lower-level state of a magnetic moment to the higher- level 
state and is absorbed by a direct process; then, another 
phonon with the same energy (but with a different wave 
vector) is subsequently emitted by the higher-level state 
as it relaxes. Since the phonon spectrum has a (broad) 
maximum at ~ 4fcsT, this "paramagnetic scattering" of 
phonons is the strongest when the Zeeman energy AT 
is equal to 4fceT. Naturally, this causes a dip at H^ p 
in the k(H) isotherm with TTii p roughly proportional to 
TjiS which is actually the case in our data below 2 K [see 
Fig. 2(f)]. Note that the free spins themselves do not 
carry heat because there is no dispersive collective exci- 
tations due to the negligibly small interactions between 
these diluted spins. 

In passin g, w e note that the peculiar k(H) behavior in 
NCO (Ref. 12(1) may also be understood in terms of the 
paramagnetic scattering of phonons without employing 
the magnon heat transport, at least for T > 1.5 K: It has 
been discussed that the doublet ground state of the Nd 3+ 
ions in NCO is split slightly (~ 3 K) in zero field due to 
the interaction with Cu spins' which causes the Nd 3+ 
ions to form a two-level system; hence, the phonons may 
well be scattered by paramagnetic Nd 3+ ions at T > 1.5 
K, since the Nd ions show Neel order only below ~ 1.5 
Kj2it and a sufficiently large H can remove the param- 
agnetic scatterings and enhance K significantly. 38 Thus, 
although the magnons are likely to be carrying heat be- 
low ~ 1.5 Kj2i their role at higher temperature had better 
be scrutinized. 

We should point out that we do not currently have a 
good understanding for the enhancement of k with H [| c 
shown in Fig. 2(e), but it may be that for this field direc- 
tion some additional heat carriers are induced and add 
a major contribution on top of n p (H). One possibility 
is a remaining contribution of Pr magnons, although as 
much as 35% of the Pr 3+ sites are diluted by nonmag- 
netic La 3+ ions in PLCO. Remember that La-free PCO 
single crystals had been reported to exhibit a large en- 
hancement of k with T/f2ii which might share a common 
origin to the present behavior shown in Fig. 2(e). 

Although the interaction between phonons and the 
free spins has been known for a long time^ such phe- 
nomenon and its impact on the heat transport have never 
been revealed for cuprate materials. The present re- 
sults demonstrate that the phonon heat transport can 
be H dependent at low temperature in high-T c cuprates 
whenever excitations of free spins (that cause a Schot- 
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tky anomaly in the specific heat) are present. The ef- 
fect of the paramagnetic scattering is particularly pro- 
nounced in PLCO, probably because in this parent com- 
pound the phononic heat transport is very clean and also 
the Schottky anomaly is large. In the superconducting 
doping regime of cuprates, while the Schottky anomaly 
is almost ubiquitously observedfSiiLiLiSiiiiiiii its con- 
tribution is much smaller than that in PLCO and also 
the phonons are additionally scattered by doped carri- 
ers, both of which cause the contribution of the para- 
magnetic scattering to be reduced. Nevertheless, it is 
likely that some fraction of the H dependence of k is due 
to the paramagnetic scattering of phonons even in super- 
conducting samples, and therefore an analysis of k(H) 
should be done very carefully. Note that, while quanti- 
tative analyses of k(H) would be difficult in light of the 
paramagnetic scattering of phonons, qualitative compar- 
isons of the k(H ) behavior for different dopings^ would 
still be legitimate, because the Schottky anomaly is ob- 
served across the whole doping range without any clear 
doping dependence. 

Lastly, the present result suggests, together 
with the curious magnetic shape-memory effect in 
La2- 2; Sr a ,Cu04, 39 that the spin-phonon coupling is 
rather strong in cuprates. The significance of the 
spin-phonon coupling in doped cuprates, although still 
remains to be verified, is rather naturally expected based 
on the behavior of the parent compound. Because of this 
coupling, AF fluctuations and phonons may couple in 
an unusual way in these materials and this could be the 
reason why the mechanism of high-T c superconductivity 
is so difficult to understand. In this regard, it is useful 
to note that possible roles of the spin-phonon coupling 



in the peculiar electronic state of doped cuprates have 
been theoretically discussed 



IV. SUMMARY 

We measure the magnetic-field dependence of the 
thermal conductivity of a parent insulating cuprate 
Pri.3Lao.7Cu04 to elucidate the possible field depen- 
dence of phonon heat transport in cuprates. A striking 
dip feature is found in n(H) isotherms for in-plane fields 
at low temperature. The "dip" field is found to increase 
linearly with T at low temperature, which is indicative of 
the phonon scattering by free spins. Both the low-T spe- 
cific heat and the magnetic susceptibility are measured 
to give supplemental evidence for the existence of free 
spins. Since the Schottky-type specific heat that signi- 
fies the existence of free spins is found ubiquitously in 
high-T c cuprates in a wide doping range, the present re- 
sult suggests that the if-dependence of the phonon heat 
transport should not be naively neglected, particularly 
when one tries to extract the QP information from the 
quantitative analyses of k(H). In addition, the present 
result points to a strong spin-phonon coupling in high-T c 
cuprates. 
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